We study three-terminal charge transport through individual Fe 4 single-molecule magnets. Magnetic anisotropy of the single molecule is directly observed by introducing a spectroscopic technique based on measuring the position of the degeneracy point as a function of gate voltage and applied magnetic field. A nonlinear field-dependence is observed which changes by rotating the sample and is, thus, a direct proof of magnetic anisotropy. The sensitivity of this method allows us to observe small changes in the orientation and magnitude of the anisotropy in different charge states. We find that the easy axes in adjacent states are (almost) collinear. DOI: 10.1103/PhysRevLett.109.147203 PACS numbers: 75.50.Xx, 73.23.Hk, 73.63.Àb, 75.30.Gw Molecular spintronics proposes a new route to information storage and processing based on the electrical addressing of magnetic states in individual molecules [1, 2] . Magnetic molecules usually have long spin coherence and spin relaxation times [3] which are of crucial importance for information processing. In addition, versatility in synthesis allows us to produce a wide variety of molecular systems with almost tailor-made properties. Singlemolecule magnets (SMMs) [4, 5] are of particular interest for their magnetic anisotropy, which lifts spin degeneracy even at zero field and generates an energy barrier U that opposes spin reversal. Under favorable conditions, the molecular spin and magnetic anisotropy can be relatively large producing a sizeable hysteresis; each molecule behaves, therefore, as a nanomagnet. Addressing the magnetic states of single molecules remains, however, a challenging task, in spite of recent efforts [6] [7] [8] .
Molecular spintronics proposes a new route to information storage and processing based on the electrical addressing of magnetic states in individual molecules [1, 2] . Magnetic molecules usually have long spin coherence and spin relaxation times [3] which are of crucial importance for information processing. In addition, versatility in synthesis allows us to produce a wide variety of molecular systems with almost tailor-made properties. Singlemolecule magnets (SMMs) [4, 5] are of particular interest for their magnetic anisotropy, which lifts spin degeneracy even at zero field and generates an energy barrier U that opposes spin reversal. Under favorable conditions, the molecular spin and magnetic anisotropy can be relatively large producing a sizeable hysteresis; each molecule behaves, therefore, as a nanomagnet. Addressing the magnetic states of single molecules remains, however, a challenging task, in spite of recent efforts [6] [7] [8] .
Early attempts to measure the properties of individual SMMs focused on Mn 12 clusters [9, 10] and were followed by experiments on Fe 4 complexes [11, 12] . Alternatively, TbPc 2 molecules were deposited on carbon nanotubes [13] and graphene layers [14] attached to metallic electrodes. In these systems, the conductance through the carbon structure serves as a probe of molecular magnetic properties. Spin flips were measured this way. However, no direct evidence of the magnetic anisotropy in the current flowing through a magnetic molecule has been reported yet. For this same reason, little is known [11, 12] about the changes of magnetic anisotropy when the molecule is electrically charged.
In this Letter, we report on single-electron transport through a single Fe 4 molecule in a three-terminal geometry sketched in Fig. 1(a) . We measured the anisotropy of an individual SMM in different charge states by measuring the position of the charge degeneracy point as a function of magnetic field. This gate-voltage spectroscopy should be contrasted to conventional transport spectroscopy as the gate voltage is the only control parameter. Moreover, the method does not rely on the detection of single-electron transport (SET) or cotunneling excitations as in Ref. [11] and it is, therefore, less sensitive to the coupling À between molecule and electrodes; its applicability is, thus, more general [15] .
In our experiments, we used a SMM with a formula ½Fe 4 ðLÞ 2 ðdpmÞ 6 Á Et 2 O where Hdpm is 2,2,6,6-tetramethyl-heptan-3,5-dione and H3L is the tripodal ligand 2-hydroxymethyl-2-phenylpropane-1,3-diol, which carries a phenyl ring [16] (see also the Supplemental Material [17] ). The magnetic core is made of four Fe 3þ ions (s ¼ 5=2) coupled by antiferromagnetic exchange interactions to give a total molecular spin of S ¼ 5 in the neutral state. The molecule presents a strong uniaxial anisotropy creating a preferential direction (easy axis) along which the molecular spin is aligned. Importantly, the stability of the Fe 4 molecules upon deposition on metallic surfaces has been demonstrated [18, 19] .
Nanometer-spaced electrodes were fabricated by selfbreaking [20] of an electromigrated [21] gold nanowire immersed in a 10 À4 M toluene solution of the molecules. Details on the transistor fabrication process are described elsewhere [12] . Three-terminal measurements were performed at a temperature T ' 1:9 K. The variation of the gate voltage allowed us to explore different charge states of Fe 4 . Furthermore, to directly observe magnetic anisotropy, the angle between the easy axis and the applied magnetic field was changed. This change of orientation was realized by using a piezo-driven positioner that rotates the whole chip along an axis perpendicular to the magnetic field. The magnitude of the rotation () was determined by measuring the Hall voltage across a homemade Hall bar integrated into the chip carrier.
We measure 63 junctions of which six showed Coulomb blockade (see Supplemental Material [17] ). In Fig. 2(a) , we present the differential conductance (dI=dV) map as a function of the bias (V) and the gate (V g ) voltages at zero magnetic field for a particular junction. The plot shows lines of high-differential conductance characteristic of single-electron transport through the molecule. Lowdifferential conductance regions (Coulomb diamonds [22] ) are visible in which the charge is stabilized within the Fe 4 molecule and therefore, the current is suppressed. Higher-order tunneling excitations within the Coulomb diamonds are visible at zero bias, which are indicative of Kondo correlations [22] [23] [24] [25] . In Fig. 2 (a), these are present in adjacent charge states indicating that at least one of the charge states has a high-spin ground state (S ! 1) [12] . The coexistence of Coulomb blockade with higher-order tunneling processes shows that the sample is in the intermediate coupling regime with the electrodes. The molecule-electrode coupling À can be estimated from the full width at half maximum (FWHM) of the dI=dV peak at the Coulomb diamond edge. We find À ¼ 3 meV, a value that is larger than the effective energy barrier of the neutral Fe 4 (U ¼ 1:4 meV). Therefore, SET excitations associated with spin excited states within the S ¼ 5 spin multiplet cannot be resolved.
The crossing point of the SET lines at zero bias, called the degeneracy point, fixes the ground state to ground state transition (S N ! S Nþ1 ) between adjacent charge states N and N þ 1 with energies E N and E Nþ1 [26] . The position of the peak in V g depends on the energy difference E Nþ1 À E N which can be tuned by applying a magnetic field. If the molecule is isotropic, such an energy difference varies linearly with the magnetic field B:
where ÁS ¼ S Nþ1 À S N , g is the Landé factor and B the Bohr magneton. This change of the chemical potential corresponds to a shift in the position of the dI=dV peak by
where is the gate coupling parameter [27] . Note that we have chosen ÁEðB ¼ 0Þ ¼ 0 as Eq. (1) does not include terms independent of the magnetic field such as the electrostatic charging energy (energy needed to add or remove one electron). These terms determine the position of the peak at zero field but do not contribute to the shift in V g ðBÞ. If the molecule is anisotropic, however, its spectrum depends on the mutual orientation of the magnetic field and anisotropy axes, and the energy evolution ÁEðBÞ can, thus, be nonlinear. A simple model to describe the magnetic properties of an anisotropic SMM in the N-th charge state is the spin Hamiltonian:
where the first term is the uniaxial magnetic anisotropy (chosen to be along the z axis), whose magnitude is denoted by the parameter D N . The second term is the Zeeman interaction of the spinS with an external magnetic fieldB. Importantly, the model predicts a nonlinear variation of the energy levels whenever the magnetic field is not collinear with z. Figure 1( and the shape depends sensitively on the value of : magnetic anisotropy dominates over the Zeeman effect. The sign of the slope at high fields is determined by the difference in spin between adjacent charge states. According to Eq. (2), the slope is negative (positive) when ÁS > 0 (ÁS < 0) [28] . The plot, therefore, reveals whether the molecular spin increases or decreases upon reduction or oxidation of the molecule. The observation of a clear angular dependence as a function of B would, thus, be a direct evidence of the magnetic anisotropy of a single molecule addressed by an electric current.
The inset in Fig. 2(a) shows dI=dV as a function of V g measured at two different magnetic field values (0 and 8 T) around the degeneracy point, i.e., it shows the zero-bias Coulomb peak. A lock-in modulation of 0.1 mV amplitude with no DC signal was applied between source and drain electrodes. A clear shift in the position of the peak maximum towards a higher gate voltage is observed. In order to better evaluate the evolution of ÁV g with B, detailed measurements were carried out over the range À6 T B 6 T. The results are displayed in Fig. 2(b) as a dI=dV color plot as a function of B and V g . The shape of the curve shows a nonlinear dependence with B indicating magnetic anisotropy.
For clarity, in Fig. 3 , we show the position of the maxima extracted from Fig. 2(b) , as a function of B (red open circles). The maxima are obtained by fitting the Coulomb peaks to Gaussian functions at each magnetic field. Peak voltages are then multiplied by the gate coupling ¼ 0:08 obtained from the slope [27] of the Coulomb diamonds in Fig. 2(a) so that the scale on the y-axis is in units of energy.
A direct proof of magnetic anisotropy was obtained by in situ rotation of the sample, i.e., by changing . The measurement described in Fig. 2(b) was repeated after rotating the sample from 1 to 2 ¼ 1 þ 90 . Figure 3 compares the dI=dV peak positions for the two values of (a vertical offset of 0.1 meV in ÁE was introduced for clarity). The low-field dependence differs significantly for these two angles, proving magnetic anisotropy unambiguously. The shape of the curves, according to Fig. 1(b) , suggests a change to a larger value of when rotating to 2 .
To obtain a quantitative estimate of the anisotropy parameters, ÁE was analyzed using Eq. (3) and the results are given as solid lines in Fig. 3 . In the calculation, we assumed that the g-factors are equal for both charge states (g N ¼ g Nþ1 ¼ 2) and that the left-hand charge state is the neutral one (S N ¼ 5). Since ÁV g is positive at high fields, the value of ÁS is negative according to Eq. (3) and therefore, the reduced spin state has S Nþ1 ¼ S N À 1=2 ¼ 9=2 [29] .
The anisotropy parameter D N for the neutral state was assumed to be the bulk phase value (D N ¼ 56 eV) [16] , as suggested by XAS measurements on molecules deposited on gold surfaces [18, 19] . Free fitting parameters are then D Nþ1 and the two angles N and Nþ1 . We found that the peak positions are well reproduced with D Nþ1 ¼ 68 eV and the following angles: at 1 , N ¼ 63 , and Nþ1 ¼ 62 ; at 2 , N ¼ 87 and Nþ1 ¼ 85 . Note that changes by only 23 while rotating the sample by 90 . This suggests that the easy axis of the molecule and the rotation axis are closely aligned making the effective rotation smaller. The increase of the anisotropy parameter D when charging the molecule is consistent with our previous results [11] .
The selection of the neutral charge state is arbitrary and an equally good fit could be obtained by assigning the right-hand charge state as the neutral one (S N ¼ 5). According to Eq. (2), the oxidized spin state (left-hand) now has S NÀ1 ¼ 11=2. Again, if we assume that the anisotropy in the neutral state is the same as in the bulk phase (D N ¼ 56 eV), the best fitting is obtained with D NÀ1 ¼ 47 eV and the same angle values. In both scenarios, the qualitative conclusions are the same: upon reduction, the magnetic anisotropy increases and the spin state decreases.
The great sensitivity of the gate-voltage spectroscopy method can be used to study small changes of the magnetic anisotropy. In Fig. 4 , we show the field dependence of dI=dV peaks measured for a second Fe 4 junction at two different angles 1 and 2 ¼ 1 þ 90 following the same method as described in Fig. 2 . The slope of the curves at high fields is again positive meaning that S decreases upon reduction (S Nþ1 < S N ). The curve measured at 1 shows a local maximum of about 0.05 meV around zero field that becomes less pronounced when the sample is rotated to 2 . The presence of a local maximum can be explained qualitatively: if Nþ1 is smaller than N , the component of B parallel to the easy axis is larger for the N þ 1 state and therefore, at low fields, E Nþ1 changes faster than E N and ÁE decreases. At high fields, the Zeeman contribution becomes dominant over the magnetic anisotropy and ÁE increases again. Solid lines shown in Fig. 4 are calculated by solving Eq. (3). Extensive analysis using Eq. (3) showed that the existence of a peak around B ¼ 0 is only possible when N is larger than Nþ1 and close to 90 (see Supplemental Material [17] ). The magnitude of the maximum increases rapidly by increasing the difference j Nþ1 À N j in the model. Experimental data can be reproduced with misalignments of the easy axes of about 3 .
The presence and magnitude of a peak around B ¼ 0, therefore, demonstrates that in adjacent states the easy axes are almost collinear.
The values obtained for D (see Fig. 4 ) are almost equal in the two charge states in contrast to the previous sample. However, it must be noticed that second order transverse anisotropy, not included in Eq. (3), may become relevant close to ¼ 90
. By introducing a transverse anisotropy term (E) of the order of the bulk value (E ¼ 2 eV [16] ), no significant change is, however, expected. Only by making E larger and of the order of D=3, sizeable changes can be observed when is close to 90 (see Supplemental Material [17] ). In view of the large number of parameters, however, it is difficult to draw definite conclusions about the values of D and E when ¼ 90
. On the other hand, for ¼ 90
, gate-voltage spectroscopy may be a new tool to study and quantify quantum tunneling of the magnetization.
In summary, we have introduced gate-voltage spectroscopy as a transport spectroscopic technique to characterize individual magnetic molecules in different charge states. Using this method we directly observed the magnetic anisotropy in a single Fe 4 SMM and a decrease of the ground state spin upon reduction of the molecule. Moreover, the sensitivity of the technique revealed that the easy axes in adjacent charge states are only slightly misaligned (Á $ 3 ). This work was supported by FOM and the EU FP7 program under the Grant Agreement ELFOS.
